MicroRNAs (miRNAs) play important roles in modulating gene expression at the posttranscriptional level. In postnatal oligodendrocyte lineage cells, the miRNA expression profile ("microRNAome") contains 43 miRNAs whose expression dynamically changes during the transition from A2B5
Introduction
Oligodendrocytes are glial cells of the CNS that synthesize myelin, the multilamellar membrane ensheathing axons. Myelin enables saltatory conduction of neuronal action potentials. In the rodent CNS, oligodendrocyte progenitor cells (OPCs) arise in multiple ventral and dorsal locations of the forebrain through three independent proliferative waves during late embryogenesis and early postnatal periods (Kessaris et al., 2006) . Elucidating the molecular mechanisms that control oligodendrocyte maturation requires examining stage-specific changes at both transcriptional and posttranscriptional levels, as oligodendrocyte lineage cells differentiate from immature OPCs into premyelinating cells (OLs).
MicroRNAs (miRNAs) belong to a class of small (ϳ22 nt) noncoding RNAs and are now recognized as integral components of the posttranscriptional silencing machinery. Half of mammalian miRNAs are processed from non-protein-coding units, whereas intronic miRNAs are found within the introns of coding mRNAs and are usually coordinately expressed with their host genes (Saini et al., 2007) . miRNAs are transcribed as long primary transcripts (pri-miRNAs) and processed in the nucleus by the enzyme Drosha, yielding precursor miRNAs (pre-miRNAs). The pre-miRNAs harbor a characteristic stem-loop structure and are exported from the nucleus to the cytoplasm by Exportin 5 (Stefani and Slack, 2008) . After processing by the RNase III type enzyme Dicer, a small double-stranded RNA is produced, from which the miRNA is released. miRNAs act to either catalyze mRNA degradation or repress translation through base pairing within the 3Ј untranslated region (3ЈUTR) of mRNA targets (Valencia-Sanchez et al., 2006) . Only a few targets of animal miRNAs are currently known (Ambros, 2004) , and the search of mRNA targets mainly relies on bioinformatic analyses that are based on the phylogenetically conserved base pair complementarity between the targets and miRNAs. Historically, miRNAs were discovered as regulators of cell fate determination in C. elegans (Lee et al., 1993) , and a more recent study showed that disruption of the Dicer gene in mouse Purkinje cells led to a size reduction of forebrain (Schaefer et al., 2007) , in agreement with the important role of miRNAs during neuronal cell specification (Lai et al., 2005) . The systematic cloning of miRNAs revealed the presence of several hundred distinct miRNAs in the rat (Miska et al., 2004) , mouse, and human brain (Sempere et al., 2004) . Sixty percent of known miRNAs are found in the brain. Among those, few are preferentially expressed in the brain, and these include miR-9, miR-124, and miR-128.
In this study, we identify 98 miRNAs expressed by postnatal oligodendrocyte lineage cells. We also show that 37 of these miRNAs display a mRNA target bias and that the expression level of the predicted targets of 13 miRNAs is dynamically regulated during oligodendrocyte differentiation. Additionally, we document the functional interaction of miR-9 with peripheral myelin protein 22 (PMP22) mRNA.
Materials and Methods

FACS of oligodendrocyte lineage cells. Sprague
Dawley rats (Taconic) were handled in accordance with NIH guidelines and as approved by the NINDS ACUC Committee. P7 rat brains were minced with a scalpel and incubated for 30 min in HBSS containing 20 mM HEPES buffer, 10 mM NaOH, 0.5 mM EDTA, 1 mM L-Cysteine (Sigma-Aldrich), and 3 mg/ml papain (Roche). After gentle trituration, the solution was filtered through a 75 m cell strainer, and dissociated cells were layered on a discontinuous 15-40% Percoll gradient solution. The gradient tubes were centrifuged (2000 ϫ g, 15 min), and the upper half that contained predominantly a layer of myelin debris was discarded. The cells found at the interface between the 15% and the 40% Percoll layers were then removed with a clean Pasteur pipette and transferred to a new tube. The cells were centrifuged and resuspended in PBS containing 3% BSA and 0.05% sodium azide (Sigma-Aldrich). The A2B5 mouse monoclonal IgM antibody (purified from the A2B5 hybridoma culture supernatant and coupled to biotin using the biotinylation kit from Pierce) and a GalC rabbit polyclonal antibody (AB142, Chemicon) were used for the immunostaining. After incubation with the primary antibodies at 4°C for 1 h, the cells were washed three times with PBS and labeled with a streptavidin-PE conjugate (SA1004 -1, Caltag Laboratories) and a goat anti-rabbit IgG antibody conjugated to Alexa Fluor 488 (A11034, Invitrogen). The A2B5
ϩ GalC Ϫ cells (OPCs) and A2B5
Ϫ GalC ϩ cells (OLs) were sorted using a FACSVantageSE flow cytometer (Becton Dickinson) (Cohen et al., 2003) . The CD11b antibody (clone OX42, MCA275R, AbD Serotec) and the CD45 antibody (clone OX-1, MCA43G, AbD Serotec) were detected using a goat anti-mouse IgG2a-PE-Cy5.5 antibody . The R1 gate is used to select the live cells that are subsequently sorted to purify both A2B5
ϩ GalC Ϫ cells (Gate R2) and A2B5 Ϫ GalC ϩ cells
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(Gate R3). B, miRNA expression in oligodendrocyte lineage cells. The heat map displays the log 2 transformation of the relative fold change in miRNA expression level obtained from miRNA microarrays. Upregulated miRNAs (red) are those with increased expression levels during oligodendrocyte maturation, whereas downregulated miRNAs are shown in green. The middle of the heat map contains miRNAs showing little to no change in expression levels. The three columns correspond to three independent experiments.
(M32218, Caltag) and a goat anti-mouse IgG1 Tricolor conjugate antibody (M32006, Caltag).
Cell culture and transfection. Rat Schwann cell cultures were established from neonatal sciatic nerves as described previously (Weinmaster and Lemke, 1990) . The Schwann cells were transfected using Lipofectamine/Plus reagent (Invitrogen). The pcDNA6.2-GW/EmGFP-miRNeg plasmid (Invitrogen) was used as negative control. The pcDNA6.2-GW/EmGFP-miR-9 was constructed by inserting the sequence 5Ј-TGCTGTCTTTGGTTATCTAGCTG-TATGAGTTTTGGCCACTGACTGACTCATACAGAGATAACCAA-3Ј into the pcDNA6.2-GW/EmGFP-miR-Neg plasmid according to the manufacturer instructions. The Schwann cells were harvested 24 h after transfection for Northern blot or 48 h for Western blot analyses.
The HeLa cell line was grown in DMEM (Invitrogen) containing 10% FBS and 50 g/ml gentamycin. For transient transfection, HeLa cells were transfected using Lipofectamine 2000 (Invitrogen), 200 ng of each reporter plasmid and 10 nM of the miRNA precursor (Ambion). The luciferase activities were measured 48 h after transfection using the Dual Luciferase Reporter Assay System (Promega).
Microarrays and bioinformatics analysis. Four biological replicates of A2B5
ϩ GalC Ϫ cells and A2B5 Ϫ GalC ϩ cells were used for hybridization onto the Rat Expression 230 2.0 Microarrays (Affymetrix). The microarray data were analyzed using Genespring 7.0 software (Silicon Genetics). The data were processed using RMA (Robust Multi-Array) and a global normalization was performed using Genespring per chip normalization (normalized to the 50th percentile) and per gene normalization (normalized to the median).
Total RNA from A2B5 ϩ GalC Ϫ cells and A2B5 Ϫ GalC ϩ cells was purified using the mirVana miRNA Isolation Kit (Ambion) and used for hybridization onto the miRNA microarrays (LC Sciences). The slides were scanned using an Axon GenePix 4000B microarray scanner (Axon Instruments) and the microarray images were background subtracted using a local regression method and normalized to the statistical mean of all detectable miRNAs.
Target bias analysis was conducted using TargetScan 4.0 (www. targetscan.org) in conjunction with the Fisher's exact test function (fisher.test) found in the R language for statistical computing and graphics (www.r-project.org). For each miRNA and each defined window of genes ("Top," "Middle," "Bottom"), four values were determined: (1) the number of genes in the window the miRNA targets, (2) the number of genes in the window, (3) the number of genes the miRNA can target regardless of window, and (4) the number of genes assayed. The values were then used to generate a p value for each miRNA in the three defined window of genes using a right-tailed condition ("enrichment"). Hierarchical clustering of miRNAs was done using GenePattern 2.0 (Reich et al., 2006) . The Ingenuity Pathway Analysis software (Ingenuity Systems) was used for the Gene Ontology (GO) analysis of the overlap between the A2B5 ϩ GalC Ϫ bottom window and A2B5 Ϫ GalC ϩ top window containing the predicted targets of miR-9.
Real-time PCR. Total RNA (150 ng) was treated with Turbo DNase (Ambion) for 10 min at 37°C and used for the reverse transcription. First-strand synthesis was conducted using the Taqman Reverse Transcription Kit (Applied Biosystems). Real-time PCR was performed using a Taqman Array microRNA Panel v1.0 and the Taqman 2X Universal PCR Master Mix (Applied Biosystems). After analysis using the Applied Biosystems 7900HT Fast Real-Time PCR Systems, a geometric averaging on multiple miRNAs was performed to select miR-203 as reference for normalization.
Real-time PCR of PMP22 was conducted using the LightCycler FastStart DNA MasterPlus SYBR Green I (Roche) and the following primers: 5Ј-TCCTCATCTGTGAGCGAATG-3Ј and 5Ј-ACAGACCAGCAAGG-ATTTGG-3Ј. The ␤-actin primers for the normalization were 5Ј-TGTCACCAACTGGGACGATA-3Ј and 5Ј-GGGGTGTTGAAGGTCT-CAAA-3Ј.
The sequences of the primers used in real-time PCR analysis of neural markers were as follows: for oligodendrocyte markers: Gtx: forward: 5Ј-AGGTGAAGGTGTGGTTCCAG-3Ј and reverse: 5Ј-TTCGAGGGTTT-GTGCTTTTTG-3Ј; MBP: forward: 5Ј-GCAGAGGACCCAAGA-TGAAAAC-3Ј and reverse: 5Ј-GAAGCTCTGCCTCCGTAGC-3Ј; MOBP: forward: 5Ј-CAAGAGCGGTTGCTTTTACC-3Ј and reverse: 5Ј-TTTTTCTTGGGGTTGACCTG-3Ј; for astrocyte markers: Aqp4: forward: 5Ј-TGGGATCCTCTACCTGGTCA-3Ј and reverse: 5Ј-AGCTG-GCAAAAATGGTGAATAC-3Ј; GLT1: forward: 5Ј-CCATGCTCCT-CATTCTCACAG-3Ј and reverse: 5Ј-AATCGCCCACTACATTGACC-3Ј; GFAP: forward: 5Ј-CAGCGGCTCGAGAGAGATTC-3Ј and reverse: 5Ј-TGTGAGGTCTGCAAACTTGG-3Ј; for neuronal markers: KCC2: forward: 5Ј-TCTCCATCCTGGCCATCTAC-3Ј and reverse: 5Ј-GCTT-GGCACAGACATCAAAG-3Ј; Syt1: forward: 5Ј-GCTTTGAAG-TTCCGTTCGAG-3Ј and reverse: 5Ј-CAACGAAGACTTTGCCGATG-3Ј; SNAP25: forward: 5Ј-CATCAGTGGTGGCTTCATCC-3Ј and reverse: 5Ј-TATGACGGAGGTTTCCGATG-3Ј.
Northern blot. miRNAs from adult tissues (Ambion) were separated by electrophoresis through a 15% TBE-urea gel (Invitrogen) and transferred to a GeneScreen Plus nylon membrane (Perkin-Elmer). After crosslinking, the membrane was incubated with 10 pmol of biotinylated Locked Nucleic Acid (biot-LNA, IDTDNA Technologies). The biot-LNA probe for miR-9 was 5Ј-5Biot-TCAϩTACϩAGCϩTAGϩATAϩ ACCϩAAAGA-3Ј (Biot ϭ biotin and ϩ denotes an LNA substitution). After incubation overnight at 42°C, the membrane was washed twice in NorthernMax Low Stringency Wash Solution and once in NorthernMax High Stringency Wash Solution (Ambion). The detection was conducted using the Chemiluminescent DNA Detection Kit (Pierce). The blots were stripped and probed for U6 small nuclear RNA with the U6 biot-LNA 5Ј-5Biot-GAAϩTTTϩGCGϩTGTϩCATϩCCTϩTGCϩGCA-3Ј.
Total RNA from rat Schwann cells (10 g/lane) was separated on denaturing agarose gel and transferred overnight to a nylon membrane (Hybond). After UV-crosslinking, the membranes were incubated with 32 P-labeled probes for PMP22 and 18S ribosomal RNA (Random Prime kit, Amersham). The blot was washed twice in 2ϫ SSPE, 0.1% SDS at room temperature and once in 1ϫ SSPE, 0.1% SDS at 65°C before exposure to the film.
Construction of luciferase reporter plasmids. The full-length 3ЈUTR of PMP22 was amplified by PCR from rat sciatic nerves using the primers Full F1: 5Ј-AGGCCTCTCGAGGCGCCCGACGCACCATCCGTCTA-GGC-3Ј and Full R2: 5Ј-GTCGACGCGGCCGCGAGTTACTCTGA-TGTTTATTTTAATGCATC-3Ј. The XhoI-NotI fragment was cloned into the psiCHECK2 reporter plasmid (Promega). Three fragments of the 3ЈUTR were obtained by PCR using the following primers: for fragment 1: 5Ј-GACTCGAGGGAGGAAGGAAACCAGAAAAC-3Ј and 5Ј-GAGCGGCCGCAATCCCCACTCAACTGTGTTCTG-3Ј; for fragment 2: 5Ј-GACTCGAGTGTCGATTGAAGATGTATAT-3Ј and 5Ј-GAGCG-GCCGCTCACTGGGTCACCCATAGTG-3Ј; for fragment 3: 5Ј-GACTCGAGATTTAGCAGGAATAATCCGC-3Ј and 5Ј-GTCGAC-GCGGCCGCGAGTTACTCTGATGTTTATTTTAATGCATC-3Ј.
The (PMP del. repeat) plasmid was made by overlap extension PCR using the Full F1 and Full R2 primers as external primers and using 5Ј-GGAGGAAGGAGAACACAGTTGAGTGGGGATTGC-3Ј and 5Ј-TCCTTCCTCCCTCCCTGTGTACCC-3Ј as internal primers. The (PMP del. BS) plasmid was constructed by using 5Ј-TGCGGGGAC-AAACCCCAGATGG-3Ј and 5Ј-TCCCCGCAAATGGGAGGGAGGG-ATCTGC-3Ј as internal primers.
Gelshift assay. The full-length 3ЈUTR of PMP22 was inserted into pGEM-T easy (Promega) and used for in vitro transcription (Promega). Equal quantities of PMP22 RNA were incubated overnight with 0.1 pmol of biotinylated 2Ј-O-methyl RNAs (IDTDNA Technologies). The sequence of miR-9 was 5Ј-5BiotTEG-mUmCmUmUmUmGmGmUmUmAmUmCmUmAmGmCmUmGmUmAmUmGmA-3Ј. The sequence of miR-124a was 5Ј-5BiotTEG-mUmUmAmAmGmGmCmAmCmGmCmGmGmUmGmAmAmUmGmCmCmA-3Ј.
The miRNA:RNA complexes were resolved on a 1% native agarose gel, transferred to a GeneScreen Plus nylon membrane, and revealed using a Chemiluminescent DNA Detection Kit (Pierce).
Western blot and immunofluorescence. Western blot analysis of PMP22 was done as described previously (Notterpek et al., 1999) . For PMP22 immunofluorescence analysis, P7 rat brain sections were incubated with the mouse monoclonal CC1 antibody (Oncogene) and a rabbit anti-PMP22 antibody (Notterpek et al., 1999) . The primary antibodies were detected using a goat anti-mouse IgG-Alexa Fluor 488 (A11001, Invitro-gen) and a goat anti-rabbit IgG-Alexa Fluor 594 (A11012, Invitrogen). Nuclei were stained using DAPI (D3571, Invitrogen). Rat Schwann cells were processed for immunostaining with the mouse monoclonal anti-PMP22 antibody (Chemicon) and detected using a goat anti-mouse IgG conjugated to Alexa Fluor 594 (A11005, Invitrogen). Nuclei were labeled with Hoechst 33342 dye (Molecular Probes).
Results
Characterization of miRNAs expressed by oligodendrocyte lineage cells
In vivo miRNA expression profiles of defined neural populations have not been reported yet. To address this issue, two stagespecific populations of oligodendrocytes were obtained from postnatal rat brains: (1) OPCs that are positive for the A2B5 ganglioside and negative for the galactocerebroside marker (A2B5 ϩ GalC Ϫ cells) and (2) OLs that are negative for the A2B5 marker and positive for galactocerebroside (A2B5 Ϫ GalC ϩ cells) ( Fig. 1 A) . The procedure was sufficient to obtain a high purity of oligodendrocyte lineage cells (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The real-time PCR analysis of neural markers on the A2B5
Ϫ GalC ϩ population shows a marked depletion of neuronal markers (KCC2, Syt1, and SNAP25) and astrocyte markers (Aqp4, GLT1, and GFAP). Notably, these genes appear at least 4 PCR cycles after the oligodendrocyte markers (Gtx, MBP, and MOBP) (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). There is also a significant enrichment (3-5 cycles) of the oligodendrocyte markers in A2B5
Ϫ GalC ϩ cells when compared with A2B5
ϩ GalC Ϫ cells. We also determined the percentage of microglial cells found in the A2B5 Ϫ GalC ϩ population using two well defined hematopoietic markers: CD11b and CD45. The FACS analysis reveals that ϳ5% of the A2B5 Ϫ GalC ϩ cells are CD11b positive and ϳ7% are CD45 positive (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material). For comparison, contaminating microglia and astrocytes found in culture of rat oligodendrocytes are ϳ3% each (Chen et al., 2007) . Additionally, the real-time PCR analysis of purified A2B5
ϩ GalC Ϫ cells shows the low abundance of neuronal and astrocyte markers and the FACS analysis reveals the weak presence of contaminating microglial cells (Ͻ2%, based on CD11b expression) (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material). Overall, these data indicate that the two populations studied herein were highly enriched for oligodendrocyte lineage cells directly obtained from postnatal rat brains.
We performed miRNA expression profiling of the A2B5 ϩ GalC Ϫ cells and the A2B5 Ϫ GalC ϩ cells using miRNA microarrays. The presence of 98 miRNAs was reproducibly detected (Fig. 1 B) and further validated by real-time PCR. Overall, the fold changes obtained by miRNA microarrays and real-time PCR are similar for the 98 miRNAs (r ϭ 0.99, Pearson correlation) (supplemental Fig. 2 and supplemental Table 1 , available at www. jneurosci.org as supplemental material). Although 19 additional miRNAs were unambiguously detected by miRNA microarrays (supplemental Table 2 , available at www.jneurosci.org as supplemental material), their validation essentially remained inconclusive because of the absence of adequate primers and probes in the multiplex PCR mix.
The 20 miRNAs with the highest expression levels in oligodendrocyte lineage cells are shown in Table 1 . The class of abundantly expressed miRNAs in OPCs includes many previously described brain-enriched miRNAs such as miR-9, miR-26a, miR124a, miR-125b, miR-181b, and the let-7 family, encompassing let-7a, let-7b, let-7c, let-7d, and let-7f members. In contrast to the let-7 family, whose expression is remarkably stable during differentiation, 23 miRNAs are downregulated (with fold changes Ͼ2) and include miR-9 and miR-124a (Fig. 1 B) . We also found 20 miRNAs that are upregulated Ͼ2-fold during differentiation and some were previously identified from rat brain tissues: miR-21, miR-152, miR-142-5p and -3p, miR-338, miR-339, and miR-378 (Landgraf et al., 2007) . Notably, miR-219 shows strong expression in OLs, consistent with its tight association with glial cells in the zebrafish brain (Kapsimali et al., 2007) .
The miRNA microarray data were further confirmed by verifying the coexpression of intronic miRNAs with their host genes. Among the 98 miRNAs, 38 intronic miRNAs derive from 34 host genes and the Affymetrix microarray analysis of A2B5 Ϫ GalC ϩ cells reveals the expression of these host genes [with a Normalized Expression Value (NEV) Ͼ0.9] ( Table 2 ). In total, 29 of 34 genes are unambiguously detected in A2B5 Ϫ GalC ϩ cells and only 4 genes (MCM7, SLIT2, SMC4L1, and an uncharacterized RIKEN sequence) are absent or moderately expressed (NEV Ͻ0.9). RIMB1 is the unique gene that is not conclusive because of the absence of probes. Additionally, the analysis of the Affymetrix microarray data of A2B5
ϩ GalC Ϫ cells reveals that these 4 undetected genes are indeed expressed in OPCs (NEV Ͼ0.9), thus validating the miRNAs found by miRNA microarrays and PCR (Table 2) . We also compared the fold changes of the miRNAs to the fold changes of their respective host genes. For 28 of 38 intronic miRNAs, the fold changes are in agreement with the fold changes of their host genes (supplemental Table 3 , available at www.jneurosci.org as supplemental material). Some noticeable correlations are obtained for upregulated miRNAs such as miR-214 (with the DNM3 gene) and miR-338 (found in LOC688299, similar to apoptosis-associated tyrosine kinase). Likewise, the downregulation of miR-15 and miR-16b is consistent with the 
Target bias analysis of miRNAs in oligodendrocyte lineage cells
To delineate miRNAs with important biological functions in oligodendrocyte lineage cells, we conducted a target bias analysis (Tsang et al., 2007) . In principle, if a miRNA is coexpressed with a significant number of its predicted targets, this positive correlation signature (positive target bias) would enrich for functional targets. Similarly, if one finds that a miRNA is negatively correlated with the expression of its predicted targets, this negative correlation signature (negative target bias) would also lead to the enrichment of functional targets.
To explore the target bias in A2B5 Ϫ GalC ϩ cells, the rat Affymetrix microarrays data were used to establish a rank order list of mRNAs based on their Normalized Expression Values (NEV) (GEO, accession number GSE11218). This list was further examined for the distribution of predicted targets for each of the 98 The normalized expression values (NEVs) were obtained by normalizing the signals of all the genes present in rat Affymetrix microarrays and across all the replicates. Bold denotes NEV Ͻ 0.9 and highlights the host genes with low NEVs that are either absent or moderately expressed. ϩ, The A2B5 ϩ GalC Ϫ NEV and/or the A2B5 Ϫ GALC ϩ NEV is higher than 0.9. No probe, The microarray does not contain any probe to detect the host gene.
validated miRNAs. The predicted targets were compiled from TargetScan 4.0 algorithm (Grimson et al., 2007) . The Fisher's exact test was used to determine whether the top tenth (top window), middle tenth (middle window), or bottom tenth (bottom window) percentile windows of the rank order list of mRNAs contain more predicted targets than would be expected by chance. Interestingly, 37 of 98 miRNAs show a target bias in either the top tenth or bottom tenth percentile windows (Fig.  2 A) . In total, 35 of 37 correlation signatures are negative (Fig. 2 A, B) . In contrast, only miR-9 and miR-124a predicted targets show a positive correlation signature (Fig. 2 B; supplemental Table 4 , available at www.jneurosci.org as supplemental material). This cellular prevalence of negative correlation signatures is in agreement with other genome-wide studies showing that the predicted targets are expressed at lower levels in tissues where the miRNA is present compared with other tissues where the miRNA is absent (Farh et al., 2005) . However, a closer examination revealed six miRNAs among which miR-34c, miR-137, miR-146, miR-186, miR-218, and miR-449 that were previously reported The p values are calculated in three windows (top tenth, middle tenth, and bottom tenth percentile windows) of the GalC rank order list, log-transformed, and depicted by line chart. For each window, the 98 miRNAs are sorted by decrease level of significance. Thirty-seven of 98 miRNAs are associated with a target bias. Notably, a negative target bias is predominant (35 miRNAs in the green line above 1.3, corresponding to p Ͻ 0.05, right-tailed Fisher's exact test), whereas only two miRNAs are found with a positive target bias (red line above the 1.3 value). As a negative control, the middle window does not contain any target bias (blue line below 1.3 for all 98 miRNAs). B, Targeting bias in A2B5 Ϫ GalC ϩ cells. The heat map shows the significance values calculated for 37 miRNAs with target bias within each window (top, middle, bottom). As in A, the p values depicted are generated using a Ϫlog ( p value) transformation. Red denotes target bias in the considered window, whereas black is used for no statistical difference. From the heat map display, 35 of 37 miRNAs show a negative target bias. Only miR-9 and miR-124a are associated with a positive target bias in OLs and are located at the bottom of the heat map. C, Targeting bias in A2B5
ϩ GalC Ϫ cells. The analysis reveals that 17 of 98 miRNAs show a target bias in A2B5
ϩ GalC Ϫ cells. Interestingly, the target bias analysis of 13 miRNAs (indicated by arrows) shows a coordinated reversal in the distribution of predicted targets during oligodendrocyte differentiation (from the top A2B5 ϩ GalC Ϫ window to the bottom A2B5 Ϫ GalC ϩ window for 11 miRNAs and from the bottom A2B5 ϩ GalC Ϫ window to the top A2B5 Ϫ GalC ϩ window for 2 miRNAs). miR-9 and miR-124a, whose distribution bias of predicted targets switches from negative to positive correlation signatures, are located on the top of the heat map.
with positive correlation signatures in neuronal cells (Tsang et al., 2007) .
To determine whether these fluctuations in correlation signatures were dependent not only on the cell types (neuronal versus glial cells) but also on the stages of differentiation, a second target bias analysis was conducted with A2B5
ϩ GalC Ϫ cells. The predicted targets of the 98 miRNAs were compared with a rank order list of mRNAs obtained from A2B5 ϩ GalC Ϫ cells (GEO, accession number GSE11218). This analysis shows that 17 miRNAs are associated with a target bias ( Fig. 2C ; supplemental Table 4 , available at www. jneurosci.org as supplemental material). Interestingly, we observed two classes of inversions in the correlation signatures for 13 of 37 previously identified miRNAs. The first class is defined by a switch from positive to negative correlations and contains 11 miRNAs such as miR-34c, miR-146, miR-218, and miR-449 (Fig. 2C) . The second class is defined by a reversal from negative to positive correlations and only contains miR-9 and miR-124a (Fig. 2C) . The miRNAs in the first class are in line with studies showing that the expression level of the predicted targets is generally higher before differentiation, and that some miRNAs dampen the output of the transcriptionally downregulated mRNAs to facilitate a faster transition in gene expression (Stark et al., 2005) . The miRNAs in the second class may serve as buffers to silence the genetic noise of unwanted transcripts arising from "leaky" transcription (Hornstein and Shomron, 2006) , and such a role has been attributed to miR-9 (Li et al., 2006) . To determine whether the changes in expression level of the miRNAs influence the level of their predicted targets, we selected miRNAs with significant target bias since a disruption of the bias when the miRNA is upregulated or downregulated would be a good indication of a functional interaction. The supplemental Table 5 (available at www.jneurosci.org as supplemental material) contains 6 miRNAs that are upregulated Ͼ2-fold during differentiation: miR-146, miR-152, miR-222, miR-339, miR-340, and miR-378. We found that miR-146, miR-152, miR-222, and miR-378 predicted targets are globally downregulated during differentiation. Furthermore, 10 miRNAs are downregulated Ͼ2-fold and only the predicted targets of miR-9 and miR-124a are associated with a reversal of the correlation signatures from the bottom A2B5 ϩ GalC Ϫ window to the top A2B5 Ϫ GalC ϩ window. Additionally, we found that the predicted targets of miR-218, miR-449, and miR-487b reverse their correlation signatures from the top A2B5 ϩ GalC Ϫ window to the bottom A2B5 Ϫ GalC ϩ window. Overall, this analysis shows that 9 of 16 miRNAs, including miR-9, may affect the expression level of their predicted targets and thus would be excellent candidates to consider when searching for functional targets using DNA microarray techniques.
PMP22 mRNA is not translated into protein in oligodendrocytes
To find a functional target of miR-9, we examined the predicted targets found in the bottom tenth percentile of OPCs and in the top tenth percentile of OLs (supplemental Table 6 , available at www.jneurosci.org as supplemental material). A subsequent Gene Ontology (GO) query with the overlap between the two windows containing the predicted targets of miR-9 revealed that demyelination of sciatic nerve was ranked as a top category ( p Ͻ 2.10 ϫ 10 Ϫ5 ). Two genes were found in this category: NDRG1 and PMP22. NDRG1 has been previously reported to be ex- pressed in oligodendrocytes, whereas PMP22 has not been detected, thus making PMP22 an attractive candidate target of miR-9. We confirmed by real-time PCR the presence of PMP22 mRNA in oligodendrocytes (Fig. 3A) and the quantification revealed an increase of ϳ2-fold during differentiation (Fig. 3B) . To confirm that oligodendrocytes do not translate the PMP22 mRNA into protein, frozen postnatal rat brain sections were processed for double immunolabeling. The postnatal oligodendrocytes in the corpus callosum of rat brains are labeled with the CC1 antibody and not with the PMP22 antibody (Fig. 3C) . As positive control, the PMP22 antibody clearly stains neuroepithelial junctions in adjacent sections (Fig. 3D) (Roux et al., 2004) . Altogether, the in vivo experiments show that PMP22 is transcribed in oligodendrocytes, however no protein is synthesized. A similar situation exists in vitro, because PMP22 mRNA is found in the CG-4 oligodendrocyte cell line, whereas the protein cannot be detected by Western blot (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Overall, the data suggest the involvement of posttranscriptional mechanisms in the control of PMP22 expression.
miR-9 downregulates PMP22 protein expression
A direct interaction between miR-9 and the 3ЈUTR of PMP22 was revealed using in vitro binding assays (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). To further demonstrate a functional interaction, miR-9 was cotransfected in HeLa cells with a luciferase reporter construct containing the 3ЈUTR of PMP22 (r3ЈUTR), and an ϳ50% repression of the luciferase activity was obtained ( p Ͻ 0.01, Student's t test, compared with the cotransfection with a scramble miRNA) (Fig. 4 B) . To delineate the positions of the binding sites of miR-9 in the 3ЈUTR of PMP22, we used three luciferase constructs that contain fragments of the 3ЈUTR (Fig. 4 A) . Only fragment 1 (positions 1-157 relative to the stop codon) and fragment 2 (positions 158 -498) support the downregulation ( p Ͻ 0.01 for fragments 1 and 2, Student's t test), whereas fragment 3 (positions 499 -1127) does not. The predicted binding site (BS) of miR-9 is located in fragment 2 (positions 421-443) and may explain the response obtained with this fragment. Notably, this predicted binding site contains the (AACCAAA) sequence that corresponds to the nucleotides pairing with the seed sequence of miR-9 (underlined in Fig. 4 A) . We deleted the predicted binding site (del. BS) and found that this deletion did not relieve the inhibition (Fig. 4 B) . A closer examination of the 3ЈUTR reveals that a repeat of the (AACCAAA) sequence is also located in fragment 1 between positions 73 and 134. We found that the deletion of the (AAC-CAAA) repeat (del. repeat) was sufficient to inhibit the miR-9 mediated downregulation (Fig. 4 B) of the 3ЈUTR.
We also analyzed the downregulation of PMP22 after transfection of miR-9 in Schwann cells. The Northern blot analysis shows the absence of miR-9 in Schwann cells although the miR-9 precursor form is detected, in agreement with the specific expression of miR-9 in the brain (supplemental Fig. 5 A, B , available at www.jneurosci.org as supplemental material). The Northern blot analysis of PMP22 expression reveals a reduction in PMP22 mRNA levels after transfection of miR-9 (Fig. 5A ) and the quantification from three independent experiments, after normalization with 18S ribosomal RNA, shows an ϳ30% reduction in steady-state PMP22 mRNA level ( p Ͻ 0.05, Student's t test, compared with the cotransfection with the empty vector). The reduction of PMP22 mRNA level is accompanied by a comparable reduction at the protein level as determined by Western blot ( p Ͻ 0.05, Student's t test) (Fig. 5B) . The downregulation of PMP22 was also demonstrated by immunofluorescence. The Schwann cells were transfected with the miR-9 expression plasmid and showed weaker PMP22-like pattern of immunoreactivity, compared with the cells transfected with the miR-Neg plasmid (Fig.  5C) . Altogether, these results show that miR-9 downregulates PMP22 in vitro by binding to its 3ЈUTR.
Discussion
Profiling miRNAs in oligodendrocyte lineage cells Although the spatiotemporal miRNA expression pattern is proposed to be dynamically regulated during brain development (Krichevsky et al., 2003) , the miRNA expression profiles of specific neural populations (neurons, oligodendrocytes, and astro- . miR-9 interacts in vitro with the 3ЈUTR of PMP22. A, Luciferase constructs containing fragments of the 3ЈUTR. Nonoverlapping segments of the 3ЈUTR are used to delineate the binding sites of miR-9. The r3ЈUTR construct contains the full-length 3ЈUTR. The remaining constructs fragment 1 (nts 1-157), fragment 2 (nts 158 -498), and fragment 3 (nts 499 -1127) are segments of the full-length 3ЈUTR. The predicted binding site (BS) is located in Fragment 2 and the predicted base pairing is shown. The (AACCAAA) sequence is underlined. Two additional (AACCAAA) sequences are found in Fragment 1. B, Activity of miR-9 on luciferase constructs. The plasmids are cotransfected with either miR-9 or miR-Neg, a scramble miRNA (negative control). miR-9 has no effect on the empty vector or the plasmid containing fragment 3 (Frag. 3). However, miR-9 does significantly reduce luciferase activity of constructs containing either the fulllength 3ЈUTR of PMP22 (r3ЈUTR), fragment 1 (Frag. 1) or fragment 2 (Frag. 2) (**p Ͻ 0.01, Student's t test, compared with Neg). miR-9 also downregulates luciferase activity of PMP del. BS [corresponding to the 3ЈUTR of PMP22 with a deletion of the predicted binding site (BS)] (**p Ͻ 0.01, Student's t test, compared with Neg), whereas no difference is observed with the PMP del. repeat plasmid [3ЈUTR with a deletion of the (AACCAAA) repeat]. Error bars represent SD. n ϭ 6. cytes) have not been fully addressed. Mammalian neurons are by far the bestcharacterized in vitro model (Kim et al., 2004; Kye et al., 2007) . We report in this study the presence of 98 miRNAs in oligodendrocyte lineage cells. The expression level of 43 miRNAs is dynamically regulated during differentiation, consistent with the actual spatiotemporal model of miRNA expression in the brain. A comparison with miRNAs found in cortical neuronal cells shows an overlap with 58 of 98 miRNAs (supplemental Fig. 6 and supplemental Table 7 , available at www. jneurosci.org as supplemental material). In this comparison, we also included 18 miRNAs that were reported to be enriched in the brain. The Venn diagram confirms the preferential expression of miR-128 in mature neurons and reveals two additional neuronal markers: miR-129 and miR-298. The comparison also supports the main expression of miR-124a in proliferating neural cells because miR-124a is shut down during oligodendrocyte lineage progression, mirroring its downregulation when neuronal cells differentiate. The analysis also shows that miR-338, another brain-enriched miRNA (data not shown), may be preferentially expressed in differentiating OLs. However, the comparison is preliminary, because other neural cells such as neuronal precursors and astrocytes should be included to obtain a more accurate picture. Notably, three miRNAs (miR-23, miR-26, and miR-29) that are found in oligodendrocyte lineage cells were previously described as enriched in astrocytes (Smirnova et al., 2005) . Overall, the data thus suggest that neural cells may have in common a large number of miRNAs.
The modulation of the expression level of individual miRNAs may be crucial for their proper functions in the appropriate cellular context. For example, neurons and oligodendrocytes share several miRNAs such as miR-34c, miR-137, miR-146, miR-186, miR-218, and miR-449. Interestingly, these six miRNAs have negative target bias in the oligodendrocyte lineage but possess significant positive correlation signatures in neuronal cells. The contrast between neuronal and glial bias suggests that miRNAs have diverse roles that are cell-type dependent. We speculate that the primary function of these six miRNAs might be to buffer noise in gene expression, or to regulate local translation in neurons. In comparison, the prevalence of negative correlation signatures in oligodendrocytes supports a modulatory role in the reinforcement of preexisting transcriptional silencing mechanisms.
miRNAs and the control of myelin gene expression
Aside from regulating gene expression in physiological conditions, miRNAs have been implicated in pathological conditions such as Alzheimer's disease, schizophrenia, and glioblastoma Figure 5 . miR-9 downregulates PMP22 in Schwann cells. A, miR-9 reduces PMP22 levels in Schwann cells. The Schwann cells transiently transfected with miR-9 contain reduced steady-state levels of PMP22 mRNA (*p Ͻ 0.05, Student's t test, versus miR-Neg, transfection with the empty plasmid, n ϭ 3). Lipo, Lipofectamine negative control. The 18S ribosomal RNA is used for normalization. Error bars represent SD. B, Western blot analysis of Schwann cells after miR-9 transfection. The quantification of the downregulation of PMP22 protein after transfection with miR-9 is obtained from three independent experiments (*p Ͻ 0.05, Student's t test, versus miR-Neg, n ϭ 3). GAPDH is used for normalization and N-glycosidase (PNGase) treated cell lysate is shown as a control for PMP22. The PMP22 specific bands are shown by arrows. NS, Nonspecific band; Lipo, lipofectamine negative control. Error bars represent SD. C, Immunofluorescence analysis of Schwann cells after miR-9 transfection. A reduction of PMP22 immunoreactivity is seen after transfection of Schwann cells with the pcDNA6.2-GW/EmGFP-miR-9 plasmid (e, shown by arrow), compared with the cells transiently transfected with the miR-Neg plasmid (b, shown by arrow). The transfected Schwann cells are detected by EmGFP autofluorescence (a-f, arrows). Nuclei are visualized by Hoechst staining. Scale bar, 10 m. (Chan et al., 2005; Perkins et al., 2007; Wang et al., 2008) . Of note, miR-21 was strongly expressed in glioblastoma cell lines and knock-down of miR-21 led to increased apoptosis. The antiapoptotic effect of miR-21 was counteracted by miR-335 in a model of neural survival after ethanol exposure (Sathyan et al., 2007) . During oligodendrocyte differentiation, miR-335 was downregulated, whereas miR-21 was strongly upregulated, in line with the antagonistic action of miR-335 on miR-21. miR-9 is another miRNA whose expression has been well characterized in oligodendroglioma and in human brain (Nelson et al., 2006) . In oligodendroglioma, miR-9 expression is increased when compared with normal adult brain, suggesting a potential role in neoplasia. miR-9 is enriched in the brain and is conserved during evolution, suggesting some important functions in neural cells. Interestingly, the precursor form of miR-9 is found in Schwann cells, whereas the mature form is not detected, in agreement with the specific expression of miR-9 in the brain. This observation suggests the existence of a posttranscriptional mechanism that controls the maturation of the precursor form inside or outside the CNS. A similar posttranscriptional event may also explain the expression pattern of other brain-enriched miRNAs such as miR-138 (Obernosterer et al., 2006) . In human and rodents, there are three copies of mir-9 and only two are functional (Krichevsky et al., 2003) . The expression of miR-9 is very high in neuroblasts and glioblasts of fetal brain. Furthermore, the maturation of neuroblasts is associated with a decrease in the expression level of miR-9, and its downregulation during the course of oligodendrocyte development is consistent with a role in the proliferating neural cells of the brain.
Our study shows that miR-9 interacts with PMP22. Notably, we found that PMP22 mRNA is detected in oligodendrocytes and that the protein is not expressed. Of note, three recent studies also support the active transcription of PMP22 in oligodendrocytes (Dugas et al., 2006; Nielsen et al., 2006; Sohn et al., 2006) . Interestingly, the CNP-EGFP ϩ mouse cells showed variable levels of PMP22 mRNA between P2 and P30 (Sohn et al., 2006) . Similarly, we observed an ϳ2-fold increase of PMP22 mRNA level during differentiation, supporting a dynamic regulation of PMP22. Moreover, we also found by RT-PCR the presence of PMP22 mRNAs in premyelinating O4 ϩ cells (supplemental Fig. 7A , available at www.jneurosci.org as supplemental material) and the rat Affymetrix microarray analysis confirmed an ϳ2-fold increase during the transition from A2B5 ϩ to O4 ϩ cells (supplemental Fig. 7B , available at www.jneurosci.org as supplemental material). The presence of PMP22 mRNA in oligodendrocytes is also supported by in situ hybridization studies showing PMP22 transcripts in the CNS (Parmantier et al., 1995) . The absence of PMP22 protein in oligodendrocytes is consistent with a previous proteomic study that extensively characterized proteins of CNS myelin and did not reveal PMP22 (Taylor et al., 2004) . More globally, the restricted expression of PMP22 protein compared with the broad distribution of its message further supports a posttranscriptional control (Amici et al., 2006) . Our results now point to a role for miRNAs in the regulation of PMP22 expression.
The oligodendrocytes and the Schwann cells synthesize myelin in the CNS and in the peripheral nervous system (PNS) respectively. Although the protein composition of their myelin sheaths is widely divergent, both cell types exert tight control over the relative abundance of the specific myelin proteins. Myelin gene dosage is primordial, as an increase of PLP in the CNS causes Pelizaeus-Merzbacher disease (Hudson, 2003) . Similarly, the PMP22 gene is sensitive to copy number because duplication is found in the autosomal dominant Charcot-Marie Tooth type I disease and deletion is linked to autosomal dominant hereditary neuropathy with liability to pressure palsies (Patel et al., 1992; Chance et al., 1993) . It is thus tempting to speculate that miRNAs reinforce the control of genes subjected to gene dosage by finetuning the transcript levels.
Overall, this work provides an important step toward the functional identification of miRNAs and how they interact with their targets to control the oligodendrocyte identity. The significance of this work is illustrated here by attributing a role for miRNAs in the posttranscriptional regulation of PMP22. Future functional studies aimed at understanding how individual miRNAs such as miR-9 and miR-338 contribute to the differences in protein composition will underscore the critical importance of these small noncoding RNAs as guardians of the glial transcriptome.
